The visual system utilizes a variety of attentional mechanisms to prioritize the selection of relevant information in the environment. Recently, Watson and Humphreys (1997) showed that visual search can be significantly improved when the presentation of search objects is separated in time. If a subset of distractors is previewed for at least 400 msec before the search display, the previewed objects can be excluded from search. This phenomenon, termed the preview effect, appears to be fairly robust across a variety of conditions; it occurs with previewed subsets of up to 15 objects (Theeuwes, Kramer, & Atchley, 1998) and is not affected if search objects change color (Watson & Humphreys, 1997 . Watson, Humphreys, and colleagues (Watson & Humphreys, 1997 argued that the preview effect is a result of top-down inhibition of the previewed (old) objects, a mechanism that they termed visual marking.
Even though top-down inhibition represents the modal view of the mechanism underlying the preview benefit, recently Donk and Theeuwes (2001) proposed an alternative account. They suggested that the preview effect occurs as a result of the prioritization of new objects (Yantis & Jones, 1991) . They showed that the preview effect critically depends on whether the new objects are accompanied by luminance increments. When the new objects were presented as isoluminant with the background, the preview effect was abolished.
Even though Donk and Theeuwes's (2001) account seems viable, several arguments in favor of the top-down inhibitory account of visual marking have been put forward. First, the preview effect seems to have a relatively long time course; old objects have to be previewed for at least 400 msec in order for the preview effect to emerge, and it reaches asymptote at about 1,000 msec. Second, the preview effect is reduced if subjects are engaged in a demanding secondary task during the preview (Olivers & Humphreys, 2002; Watson & Humphreys, 1997) . This implies that inhibition is an active top-down process that can be disrupted by a secondary task. Third, probe detection studies have shown that the detection of a probe dot was the worst at the locations of old objects, suggesting active inhibition (Watson & Humphreys, 2000) . Finally, it is the accepted view in the literature that only a limited number of luminance transients, about four, can be prioritized for search (Burkell & Pylyshyn, 1997; Yantis & Jones, 1991) . In visual marking studies, it has been demonstrated that at least up to 15 new locations can be prioritized for selection (Donk & Theeuwes, 2001; Theeuwes et al., 1998) .
Given the literature reviewed above, the fundamental question as to whether the preview benefit is the result of top-down inhibition of old objects or of attentional allocation to new objects, accompanied by luminance transients, is still undecided. The experiments we report here were designed to test whether prioritization by luminance transients alone could produce a subset-selective search similar to the one found in the preview paradigms.
We designed a paradigm in which a search subset was defined solely on the basis of luminance transients and there was no preview of a subset of objects. Thus, there were no old or new objects, and inhibition would be an unlikely strategy. In order to assess search through the flashed and the nonflashed subsets independently, the two different sets of objects (i.e., 6, 10, and 14 flashed and 6, 10, and 14 nonflashed) were orthogonally manipulated (see Theeuwes et al., 1998 , for a similar manipulation). The major difference from the preview search paradigm was that all the objects were presented simultaneously and then a search subset (containing the target) was designated by a brief luminance change. To ensure that the onset of the display was not a cue to start searching, we presented all the stimuli on the screen before the subject knew the identity of the target. Simultaneously with the flash, the identity of the target that the subjects had to search for was revealed by playing a sound file. If attentional allocation is limited to four simultaneous locations (Burkell & Pylyshyn, 1997; Yantis & Jones, 1991 ), subjects should not be able to search flashed objects exclusively and would have to sample a large number of nonflashed objects as well. This would mean that prioritization by onsets can only partially account for the preview benefit, and a dominant role of other mechanisms, such as inhibition, would have to be assumed. However, if attention can be allocated to multiple locations defined by luminance transients, the subjects should be able to restrict their search to a flashed subset of objects. Such a finding would mean that prioritization by onsets might play an important role in the preview effect. This hypothesis was tested in Experiment 1.
However, even if subjects are able to restrict their search to the flashed subset, it does not necessarily mean that no active processing is devoted to the nonflashed objects. There is a chance that other active mechanisms, such as maintaining attention or inhibiting the nonflashed subset, in order to segregate it from the flashed subset, could also work together with prioritization by luminance transients to produce subset-selective search. This issue was addressed in Experiment 2.
EXPERIMENT 1
The goal of this experiment was to test whether prioritization by luminance transients can produce a subsetselective search similar to the one found in the preview search paradigms. If prioritization is restricted to about four objects, search times should be largely dependent on the numbers of both flashed and nonflashed objects. However, if exclusive prioritization of multiple locations is possible, search times should be independent of the number of nonflashed objects and should depend only on the number of flashed objects.
Method
Subjects. Ten students from the University of Illinois, between 18 and 26 years old (average age, 22 years; 5 males) were paid to participate in the experiment. All the subjects had normal or correctedto-normal visual acuity and were native speakers of English.
Apparatus. A Micron 166-MHz computer, equipped with a set of headphones and running custom software, was used for stimulus generation, presentation, and recording the subjects' reaction times (RTs) and accuracy data. The stimuli were presented in 16-bit color depth on a 20-in. SVGA monitor.
Stimuli. The stimuli were randomly sampled from all the letters of the alphabet, except for I, N, Q, T, Y, and W. They were 1 pixel wide and approximately 0.5º in width and 1º in height and were painted in gray (12 cd/m 2 ) against a black background. On each trial, the objects' locations were randomly sampled from 36 possible locations along the circumference of two concentric imaginary circles in the center of the screen. The smaller circle contained 14 possible locations, and its radius was approximately 5º; the larger circle contained 22 possible locations, and its radius was approximately 7.5º. The identity of the target letter was revealed by playing a prerecorded WAVE file with a female voice pronouncing the letter. During the trial, a subset of objects underwent a transient luminance change-that is, briefly changed color to white (80 cd/m 2 ). Luminance values were measured from a solid patch of color at 60 cm from the monitor.
Design. On any given trial, there were 6, 10, or 14 objects that underwent a transient luminance change (flashed subset) and 6, 10, or 14 objects that did not (nonflashed subset). The target letter was present on half of the trials and, when present, always appeared in the flashed subset. Each subject completed 24 experimental blocks (864 trials), with the trial order randomized within a block.
Procedure. The time course of a trial is shown in Figure 1 . The trial started with a fixation cross that was presented for 500 msec. It was followed by the presentation of gray letters for another 500 msec (this interval was used to separate the flash from the initial onset of the search display), after which a subset of objects turned white for 100 msec. The WAVE file playback started simultaneously with the onset of the flash. The stimuli stayed on the screen until a response had been made.
The subjects were seated 60 cm from the monitor and were told to determine the presence or absence of a target letter, spoken over the headphones. They were instructed to keep their eyes on the fixation cross (which was on the screen throughout the entire trial) until they heard a voice pronouncing the target letter. The subjects were told that on each trial a subset of letters would be flashed and that the target, when present, would always appear in the flashed subset. Half of the subjects responded with the "z" key when the target was absent and with the "/" key when it was present. The response keys were reversed for the other half of the subjects. Before the start of the experiment, the subjects completed a practice block of 20 trials.
Results
RTs twice the size of a cell mean or smaller than 100 msec were excluded from the analysis (1.3% of the trials). Two subjects were excluded from the analyses because of an overall error rate exceeding 15%.
Overall, the subjects responded more quickly in the target-present trials than in the target-absent trials [F(1,7) ϭ 9.26, p Ͻ .05; 1,017 and 1,629 msec, respectively]. For the target-present trials, a repeated measures analysis of variance (ANOVA) on mean RTs, with number of nonflashed objects (6, 10, or 14) and number of flashed objects (6, 10, or 14) as factors, showed a main effect of the number of flashed objects [F(2,14) ϭ 28.69, p Ͻ . 001]. RT was not affected by the number of nonflashed objects [F(2,14) ϭ 1.92, p ϭ .18]. The slopes of the flashed and the nonflashed objects in the target-present conditions were 29.9 and 5.2 msec/object, respectively. The interaction also was not significant [F(4,28) 
For the target-absent trials, both the number of the nonflashed and the number of flashed objects affected RT [F(2,14) ϭ 10.37, p Ͻ .005, and F(2,14) ϭ 16.10, p Ͻ .001, respectively]. The slopes of the flashed and the nonflashed objects in the target-absent conditions were 72.1 and 28.7 msec/object, respectively. The interaction was not significant [F(4,28) ϭ 0.69, p ϭ .60]. Figure 2 presents the mean correct RTs as a function of target presence, the number of nonflashed objects, and the number of flashed objects.
Mean error rates are presented in Table 1 . The mean error rate was 9.5%. The subjects made more errors in the target-present trials than in the target-absent trials [F(1,7) ϭ 26.75, p Ͻ .005], suggesting that they responded more frequently that the target was absent when it was present than vice versa.
For the target-present trials, the error rates mirrored the RT results. There was a main effect of the number of 
Discussion
The present results demonstrate that subjects are able to search up to 14 objects defined by luminance transients, while effectively filtering out up to 14 task-irrelevant distractors. Thus, prioritization by luminance transients can produce subset-selective search and potentially plays an important role in the preview effect. However, such prioritization in our paradigm might be assisted by processing (attention or inhibition) of the nonflashed objects, relative to a situation in which all of the objects are flashed. This possibility was explored in Experiment 2.
EXPERIMENT 2
The goal of this experiment was to further examine whether there was any active processing of the nonflashed objects in a paradigm similar to that employed in Experiment 1. This was accomplished by adding a baseline condition, in which all of the objects were flashed. Such a manipulation requires subjects to search through all of the objects in the display and provides a baseline estimate of the search rate through the flashed objects.
If we assume that active processing of nonflashed objects consumes attentional resources that otherwise would have been allocated to the selective processing of flashed objects, this would result in a significant slowing of the search rate through the flashed subset, relative to the baseline condition. However, if nonflashed objects are not actively processed, the search rate through the flashed objects should be independent of whether the subjects search through a subset of flashed objects in the presence of nonflashed objects in the experimental condition or through a full set of flashed objects in the baseline condition.
Method
Subjects. Fifteen students from the University of Illinois, between 18 and 27 years old (average age, 21 years; 7 males) were paid to participate in the experiment. All the subjects had normal or correctedto-normal visual acuity and were native speakers of English.
Apparatus and Stimuli. The equipment and stimuli were identical to those in Experiment 1. In the control condition, all of the stimuli were flashed.
Design. Two search conditions were manipulated within subjects. In the experimental condition, a subset of objects was flashed on any given trial (subset-flash), and in the control condition all of the objects in the display were flashed (all-flash). The trials in the experimental condition were identical to the trials in Experiment 1. In the control condition, the same total set size manipulations were used (12, 16, 20, 24 , and 28 objects), and all of them were flashed. The same total set sizes were used in order to control for clutter across conditions. The target letter was present on half of the trials.
Experimental (subset-flash) and control (all-flash) conditions were presented in separate alternating blocks of trials (12 blocks per condition; total of 864 trials), with the trial order randomized within a block. The order of blocks was counterbalanced across subjects.
Procedure. The time course of a trial and the procedure were the same as those in Experiment 1. In the all-flash control condition, the only difference was that instead of a subset of objects, all of the objects turned white for 100 msec.
Results
RTs twice the size of a cell mean or shorter than 100 msec were excluded from the analysis (1.1% of the trials). Three subjects were excluded from the analyses because of an overall error rate exceeding 15%. Mean correct RT is presented in Figure 3 .
Repeated measures ANOVAs on mean RT for correct trials, with condition (subset-flash or all-flash), target (present or absent), and total display size (12, 16, 20, 24, or 28) as factors, showed that the subjects were faster in the subset-flash condition than in the all-flash condition [F(1,11) ϭ 39.50, p Ͻ . 001; 1,452 and 1,652 msec, respectively], as well as faster in the target-present trials than in the target-absent trials [F(1,11) ϭ 53.00, p Ͻ .001; 1,226 and 1,878 msec, respectively].
Additional ANOVAs with the number of nonflashed objects (6, 10, or 14) and the number of flashed objects (6, 10, or 14) as factors were performed on trials in the subset-flash condition (i.e., the same conditions as those employed in Experiment 1). In the target-present condition, RT increased only as a function of the number of flashed objects [F(2,22) In order to compare the search rate for the flashed objects in the subset-flash and the all-flash conditions, we fitted the slopes for the function relating RTs to the number of the flashed objects (6, 10, and 14 for the subsetflash condition and 12, 16, 20, 24, and 28 for the all-flash condition) separately for each subject. For the targetpresent trials, the slopes were not significantly different Tables 2A and 2B . Overall error rate was 8.7%. The subjects made more er- rors in the target-present trials than in the target-absent trials [F(1,11) ϭ 55.81, p Ͻ .001], suggesting that they tended to respond more frequently that the target was absent when it was present. Importantly, the error rate was not significantly different between the subset-flash and the all-flash conditions [F(1,11) 
Discussion
The results indicate that subset-selective search based on luminance transients is not significantly slowed by the nonflashed objects, which are likely minimally processed. In addition, just as in marking studies, responses were faster in the experimental condition than in the control condition.
GENERAL DISCUSSION
Our goal was to examine whether in the absence of the ability to actively inhibit a subset of objects, the prioritization by luminance increments account proposed by Donk and Theeuwes (2001) can produce a pattern of search performance similar to that observed in the preview paradigm, in which two different sets of objects are presented at different points in time. To examine this issue, we used a different paradigm, in which the search subset was designated by a brief luminance flash. Our results demonstrate that in a visual search task, attention can be selectively allocated to multiple locations or objects (up to 14) defined by luminance transients. This number substantially exceeds the limit of 4 objects that is usually shown in studies of attentional capture or attentional object tracking (e.g., Burkell & Pylyshyn, 1997; Yantis & Jones, 1991) . It is reasonable to assume that this was due to flashed objects being prioritized as a group. Previously, it has been demonstrated that search can be restricted to subsets, grouped by static features, such as color (Egeth, Virzi, & Garbart, 1984; Kaptein, Theeuwes, & van der Heijden, 1995) . Note, however, that in the present study, the grouping feature was dynamic (100 msec) and that, by the time the search began, all the items had the same physical properties.
It has recently been suggested that old and new objects can be grouped on the basis of time, and then either group could be searched exclusively at will (Jiang, Chun, & Marks, 2002) . Since the flash used in our paradigm was a change over time, the present results are consistent with this account. Recently, Donk and Theeuwes (2003) showed evidence that prioritization by onsets in a preview paradigm is under bottom-up control. It is possible that prioritization by luminance transients in the present study is also bottom-up, which would suggest that it is not due to temporal grouping but, rather, to attentional capture by a group defined by luminance transients. A question for future research is whether subjects are able to exclusively (and just as quickly) search nonflashed objects when instructed to do so. Whereas the temporal segregation account predicts that this should be possible, the bottom-up attentional capture account predicts that subset-specific search should be possible only for the flashed set of objects.
Importantly, the present results closely resemble the visual-marking search data reported by Theeuwes et al. (1998) , who showed that subjects selectively search through new objects and ignore old objects. Similar to Theeuwes et al., our results show that subjects first search serially and exhaustively through a set of flashed objects. If the target is not found among the flashed objects (in the case of target-absent trials), the subjects may search a few nonflashed objects and then decide that the target is not present (i.e., rechecking hypothesis; Treisman & Gelade, 1980 clear that in the present experiment, in which all the objects were presented at the same time, active inhibition was unlikely. One could argue that active inhibition was applied to the nonflashed objects after the flash. However, it seems unlikely, because it is generally agreed that it takes up to 400 msec for inhibition to accrue. Since the sound designating the target was played simultaneously with the 100-msec flash, the subjects could start searching immediately. Finally, Experiment 2 refutes the possibility of any active mechanisms assisting attentional capture through the processing of nonflashed objects by demonstrating that nonflashed objects have no significant impact on the rate of search through flashed objects.
In conclusion, we have shown that multiple locations can be prioritized on the basis of luminance transients that might serve as a grouping feature. This finding challenges the modal view that transient-based prioritization is limited to four objects (Burkell & Pylyshyn, 1997; Yantis & Jones, 1991) . In addition, the present results suggest that prioritization by luminance transients might play an important role in the preview benefit (Donk & Theeuwes, 2001; Peterson, Belopolsky, & Kramer, 2003) . Further research is needed to find out whether such prioritization is produced by bottom-up attentional capture or by temporal grouping.
